Branched spike or supernumerary spikelet (SS) is a naturally occurring variant in wheat and holds great potential for increasing the number of grains per spike, and ultimately, increasing wheat yield. However, detailed knowledge of the molecular basis of spike branching in common wheat is lacking. In the present study, a recombinant inbred line (RIL) population derived from the cross of an SS accession and an elite non-SS line was developed and evaluated over four to six environments for seven SS-related traits to identify the genetic basis of SS in wheat. A framework linkage map was generated using 939 diversity arrays technology (DArT) markers. Composite interval mapping (CIM) identified a total of seven consistent quantitative trait loci (QTL) located on five chromosomes (2D, 5B, 6A, 6B, and
and 50 kernels per spike (Bonnet, 1966; Perkins, 1997) , the implementation of exotic germplasm bearing more than one spikelet per rachis node has been suggested as a strategy to increase grain yield (Saluke and Asana, 1970; Rawson and Ruwali, 1972; Halloran, 1984a, 1984b; Hucl and Fowler, 1992; Peng et al., 1998; Yang et al., 2005; Sun et al., 2009; Aliyeva and Aminov, 2011; Li et al., 2011; Sreenivasulu and Schnurbusch, 2012) . These spike characteristics are collectively termed branched spikes, Blé d'Osisris, Egyptian wheat, miracle spikes, mummy wheat, spike branching, wonder wheat, or Wunderweizen (Percival, 1921; Sharman, 1944 Sharman, , 1967 Martinek and Bednár, 1998; Sreenivasulu and Schnurbusch, 2012) . Branched spikes were originally identified in tetraploid wheat [T. turgidum subsp. durum (Desf.) Husn.; Percival, 1921; Sharman, 1944 Sharman, , 1967 and later in hexaploid wheat (Koric, 1973) . Branched spikes have extra sessile spikelets at a rachis node, or additional spikelets extended on rachillas (Pennell and Halloran, 1983 , 1984a , 1984b , and potentially could produce 150 kernels per spike (Percival, 1921) . Pennell and Halloran (1983) later suggested the term supernumerary spikelet (SS) to include both types of spikelet organization.
Studies aimed at understanding the genetics of SS phenotype started almost a century ago (Percival, 1921) . Earliest studies in tetraploid wheat observed that SS is controlled by a single recessive gene (Percival, 1921; Sharman, 1944 Sharman, , 1967 . In hexaploid wheat, however, three genes designated as Ramifera (Rm), Tetrastichon (Ts), and Normalizator (Nr) were reported to control SS (Koric, 1973) . The Rm and Ts genes work in a complementary fashion in the formation of the branched spike, while Nr is a dominant repressor of the branched phenotype. Therefore, the branched phenotype is possible when the inhibitor is silenced or absent. Other studies in hexaploid wheat also suggested that the branched spike phenotype was controlled by three genes (two genes working in a recessive or complementary fashion and a repressor; Pennell and Halloran, 1983; Denčić, 1988) . Pennell and Halloran (1983) also reported the presence of at least one gene for SS in the conventional spike (or non-SS) 'Phoenix'. This observation suggests that some of the high-yielding wheat cultivars in the world might have branched traits suppressed by one gene. However, a study in tetraploid wheat suggested that SS trait is inherited quantitatively with one major recessive gene and numerous minor genes (Klindworth et al., 1990a) . Another recent study using line 51885 (a SS genotype derived from the cross of octoploid triticale [´Triticosecale spp.] and common wheat) also found that the inheritance of SS trait is controlled by two dominant genes and probably a few minor genes (Sun et al., 2009) . In contrast, another study in a vavilovii-branched line called 166-Schakheli suggested that the branched spike trait is controlled by a single recessive gene (Aliyeva and Aminov, 2011) .
Initial efforts to identify the chromosomal location of genes controlling the SS trait were based on cytogenetic analyses (Millet, 1986 (Millet, , 1987 Klindworth et al., 1990b; Peng et al., 1998) . In common wheat, Millet (1986 Millet ( , 1987 crossed the SS 'Noa' with the non-SS 'Mara' as well as with monosomic lines derived from Mara. The results showed that chromosome 2D of Noa carries a major recessive gene for the number of spikelets per spike (Sk), while chromosomes 5D and 7A have genes with minor effects for the spikelet number. Using a set of 'Langdon' D-genome disomic substitution lines, Klindworth et al. (1990b) identified a major gene on chromosome 2A and one minor gene on chromosome 2B for SS in tetraploid wheat. Additional experiments with a Langdon 2A telosomic line located the major gene to the short arm of chromosome 2A. Interestingly, they observed that 2D monosomic addition lines had an inhibitory effect on the expression of SS (Klindworth et al., 1990b) . Considering that D chromosomes come from 'Chinese Spring' wheat, it was concluded that a strong inhibitor for SS is located on chromosome 2D in hexaploid wheat (Klindworth et al., 1990b) . Later, Peng et al. (1998) reported the presence of major genes for SS on chromosomes 2D, 4A, 5A and a minor gene on 4B in the hexaploid wheat 'Yupi Branching' when it was crossed with monosomic lines derived from Chinese Spring wheat.
Although several progeny analysis and cytogenetic studies defined the inheritance of SS in wheat, only few studies reported genetic dissection of SS using molecular markers. Using multirow spikes (MRS) wheat (a type of branched spike phenotype), Dobrovolskaya et al. (2009) evaluated two F 2 populations and identified a major gene (Mrs1) on chromosome 2D linked to microsatellite locus Xwmc453. Subsequent analysis with chromosome deletion bin lines delimited the physical location of the gene Mrs1 to the distal half of chromosome 2DS (Dobrovolskaya et al., 2009) . Another study using the Tibetan triple spikelet trait in wheat identified one QTL on the short arm of chromosome 2A associated with SSR markers, Xgwm275 and Xgwm122 (Li et al., 2011) . The presence of a gene for SS trait on 2AS was further confirmed by another study which used three F 2 mapping populations of durum wheat to map a major recessive locus for the branched head (bh) phenotype on the short arm of chromosome arm 2A (Haque et al., 2012) . This locus was associated with the SSR marker Xgwm425.
These molecular analyses of the SS phenotype focused on either a single chromosome or a single homeologous group. Yet, previous research also suggested that SS might be under polygenic control (Huang and Yen 1988; Klindworth et al., 1990a; Peng et al., 1998) . Therefore, it becomes very important to dissect this trait at the whole genome level. The present study was aimed at identification of QTL influencing SS in common wheat at the whole genome level using a RIL population derived from an exotic line WCB617 and an elite line WCB414. The genotype WCB617 has spikes with SS phenotype which are similar to the spikes of T. aestivum subsp. aestivum 'Ramifera' (Koric, 1973) and "miracle spikes" (Percival, 1921; Sharman, 1944 Sharman, , 1967 ; while WCB414 is an elite white wheat (WW) line with non-SS phenotype. In the present study, the SS trait is segmented into seven component traits (or SS-related traits) to improve QTL detection power and to understand the role of the component traits in determining SS phenotype. To the best of our knowledge, this is the first detailed report on whole-genome dissection of SS phenotype using molecular markers.
Materials and Methods

Plant Material
The present study was conducted using a population of 163 RIL derived from a cross between the hexaploid hard WW line WCB414 and the hexaploid hard red wheat line WCB617 (used as pollen donator). WCB414 was developed by the Hard White and Specialty Wheat Breeding Program at North Dakota State University (NDSU), Fargo, ND, and has conventional spikes with fusiform architecture, awned and glabrous glumes. WCB617 was identified and maintained by the NDSU wheat Germplasm Enhancement project as a source for the SS phenotype, and has awns, pubescence on the glumes, and heterobranching behavior (variation in the penetrance of SS, in which a plant shows both branched and conventional spikes).
The RIL population was advanced to F 7 generation through single seed descent method. Later, the seeds of this population were increased and advanced to F 8 generation in greenhouse facilities. To ensure genetic purity, one spike derived from a main tiller of each RIL was collected in each season of field evaluations at Carrington (2009 and 2010) and sent to New Zealand for planting as spike-rows. The seeds harvested from each RIL in New Zealand were then planted in the next growing season in North Dakota, and phenotypic data was collected. The F 7:9 , F 10:11 , and F 12:13 populations were assessed during the years 2009, 2010, and 2011. Six hard red spring wheat and one WW cultivar were used as checks in this study. The hard red spring wheat cultivars were 'Alsen' (PI 615543; Frohberg et al., 2006) , 'Steel-ND' (PI 634981; Mergoum et al., 2005) , 'Glenn' (PI 639273; Mergoum et al., 2006) , 'Faller' (PI 648350; Mergoum et al., 2008) , 'Barlow' (PI 658018; Mergoum et al., 2011), and 'Briggs' (PI 632970; Devkota et al., 2007) , while the WW cultivar was 'Alpine' (Agripro and Syngenta, Berthoud, CO).
Field Experiment
Field trials were conducted at two different locations (Prosper and Carrington) in North Dakota, USA, over a period of 3 yr (2009, 2010, and 2011) . In total, the phenotypic data was recorded in six environments designated .3°C, respectively, in Carrington. The total rainfall during the growing seasons of was 39.6, 87.6, and 106.3 mm, respectively, in Prosper, and 41, 52.3, and 113.1 mm, respectively, in Carrington (NDAWN, 2012 .
In each environment, the RIL, parents, and seven checks were planted in a 13 × 13 partially balanced square lattice design with two replicates. Each genotype was planted in plots comprised of seven rows of 2.44 m length; with a row-to-row distance of 12.7 cm. Sowing rate for every genotype was 113 kg ha -1 .
Phenotypic Data
In the field, a scale of 0 to 4 was used to determine the ratios of spikes with SS and conventional type (non-SS) in each experimental unit. This scale provides a measurement at the level of penetrance of supernumerary spikelet (PSS) or heterobranching behavior. When all the spikes in the experimental unit had SS phenotype, a score of 4 was assigned. A ratio of 3:1 (SS: conventional spike type) corresponded to a score of 3, a ratio 1:1 was scored as 2, and a ratio 1:3 (SS: conventional spike type) was scored as 1. If all the spikes for any genotype were conventional type, a score of 0 was assigned.
Four spikes were taken randomly from the primary tillers from each experimental unit to measure other SS components (SS-related traits). The spikes of the prevalent phenotype were collected for the genotypes with PSS scores of 3 and 1. When two phenotypes (branched and nonbranched) were present in equal proportions (ratio 1:1, score 2) in any particular replicate of any environment, the prevalent phenotype for that particular genotype was decided based on the phenotype of same genotype in other replicates and environments. The other SSrelated traits for which data was recorded include (i) Sk, in which immature spikelets at the spike base were excluded; (ii) spike density (SD, spikelets cm -1 ) measured as the ratio between the Sk and the spike length in centimeters, measured from the base of the rachis to the top of the uppermost spikelet, excluding awns; (iii) number of spikelets per node (SkNd), in which conventional spikes were always given a value of 1, while in branched spikes the information for each spike was collected from the mean of five nodes randomly chosen; (iv) number of nodes per spike with supernumerary spikelet (NdSS), in which conventional spikes were always given a value of 0; (v) number of nodes with extended rachillas (NdR), in which conventional spikes were always given a value of 0; and (vi) number of nodes per spike with non-SS (NdNonSS). In conventional spikes, NdNonSS was equivalent to the Sk excluding immature spikelets at the spike base, while in spikes with SS, NdNonSS was equivalent to the number of nodes bearing one spikelet excluding immature spikelets at the spike base. For each trait, the mean from the four spikes was calculated. In 2011, PSS assessment was performed in both locations, but it was not possible to collect other spike measurements because Carrington location was severely affected by hail, and the Prosper location was affected by flood. Consequently, for all traits except PSS, data was recorded in four environments designated as I ( 
Statistical Analysis
Data from all traits were subjected to ANOVA for a lattice design using the MIXED procedure of the Statistical Analysis System (SAS Institute, 2004) . The RIL, parental genotypes, and checks were considered fixed effects, whereas environments and blocks were considered random effects. An ANOVA was estimated for each environment separately and combined over locations to estimate genotype × environment interaction. A F max ratio < 10-fold was tested to combine ANOVA. The mean separation tests were conducted using an F-protected LSD value. F-tests were considered significant at p < 0.05. Spearman rank correlations were conducted for pair of environments for each trait using the procedure Corr of SAS (SAS Institute, 2004) .
The MIXED procedure of SAS/STAT was used to calculate broad-sense heritability (h 2 ) for each trait on a family mean-basis (Holland et al., 2003) , excluding the means of parents and checks. All the sources of variation were used as random components. Lyophilized young leaves were used to isolate genomic DNA for each genotype at F 12:13 using DNeasy Plant Mini Kit (Quiagen, Valencia, CA, cat. no. 69106) . From the 163 RIL considered in this study, DNA was isolated from 159 RIL, which were subsequently used for map construction and QTL mapping. DNA quality was assessed through visual observation on 0.8% agarose gel. DNA concentrations were measured with a NanoDrop 1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE), and dilutions from each genotype were prepared as per Triticarte Pty. Ltd (now named Diversity Arrays Technology Pty Ltd, Camberra, Australia; http://www.diversityarrays.com/, verified 29 Sept. 2014) guidelines. The DNA belonging to 159 RIL and two parental genotypes was sent to Triticarte to conduct DArT analysis (Akbari et al., 2006 ). An expanded version of the WHEAT 2.6 DArT array with increased genomic representation of the D-genome was used (Wenzl et al., 2010) . Markers showing polymorphism between parental genotypes were used for construction of a genetic map.
The genetic map was constructed using a combination of MapMaker 3.0 (Lander et al., 1987) and CarthaGène v.1.2.3R (de Givry et al., 2005) software with a minimum log of the odds (LOD) score of 3.0 and maximum recombination frequency of 50% for each program. Final genetic distances were obtained using the Kosambi mapping function (Kosambi, 1944) . The final maps were compared with the DArT consensus maps (Huang et al., 2012) using the program Autograph (Derrien et al., 2007; http://autograph.genouest.org/, verified 18 Sept. 2014) to check the accuracy of the marker order.
Composite interval mapping was conducted to identify main-effect QTL for each trait in each environment as well as across environments using QTL Cartographer v.2.5_011 (Wang et al., 2012) . In QTL Cartographer, Model 6 (standard model), forward regression, five control markers (cofactors), windows size of 10 centimorgans (cM), and walk speed of 1 cM was used. A minimum LOD score of 2.5 was used to declare a putative QTL. Confidence intervals (CIs) were calculated using ±2 LOD (from the peak) method. The QTL with overlapping CIs were considered as one QTL. When the same QTL was detected for more than one trait, the region overlapping across traits (ROAT) was determined. To calculate a ROAT, the genetic regions covered by the common QTL in each trait were aligned to determine shared (overlapping) regions. A ROAT was determined by the CIs of the shared regions among traits. The QTL that were detected in at least three environments were called consistent QTL and were the only QTL considered in this study. However, when a QTL was detected for more than one trait, the QTL was reported in the present study even if it was consistent (present in a minimum of three environments) for at least one trait. Multiple interval mapping, using the default setting in Cartographer v.2.5_011 (Wang et al., 2012) , was also conducted to identify epistatic interaction between the QTL detected by CIM. Only those epistatic interactions which have r 2 > 5% were reported in this study. Graphical genotypes were prepared using the software GGT (Van Berloo, 2008) . The program MapChart 2.2 (Voorrips, 2002) was used to draw the linkage groups and QTL.
Results
Phenotypic Analyses
The phenotypic data clearly showed segregation among the RIL for the presence or absence of spikes with SS. However, the prevalent spike type in the RIL population was conventional (non-SS). In branched RIL, SS were either observed as sessile spikelets at a rachis node, or additional spikelets on extended rachillas, or a combination of both (Fig. 1) . The WCB617 parent and the RIL with prevalence of the branched phenotype showed both classes of SS. The exception was the branched RIL 1021, which had only sessile SS (data not shown) in all the environments.
The heterobranching behavior (occurrence of branched spikes and conventional spikes on a plant), measured as PSS, was observed in most of the RIL with presence of spike bearing SS as well as in the parent WCB617 (Supplemental Fig. S1 ). Combined ANOVA analysis showed that a total of 20 RIL had an estimate mean for PSS ³ 1 (data not shown). For four RIL, the PSS score ranged from 1 to 2, demonstrating the predominance of conventional spikes in these genotypes. While, for 16 RIL, the PSS score ranged from 2.5 to 4, showing the prevalence of the branched phenotype in these genotypes. Recombinant Inbred Line 1070 was the only line with an average score of 4, indicating the absence of heterobranching behavior in all the environments. A total of 31 RIL had a PSS score between 0.01 and 0.99, indicating the presence of at least one replicate with some branched spikes, while a total of 112 RIL did not show spikes with SS in any of the environments (Supplemental Fig. S2 ).
The estimated means and ranges of all traits for the RIL, parents, and checks in all environments are presented in Supplemental Table S1 . In all environments, as well as in the combined analysis of the environments, the traits Sk, SD, and NdNoSS showed transgressive segregation in both directions of the parental means. While, in all the environments, as well as in the combined analysis of the environments, PSS, SkNd, and NdR had transgressive segregation in the direction to the parent with SS (WCB617). In all environments, NdSS had transgressive segregation in direction to the parent with SS, but did not show transgressive segregation in the combined analysis of the environments.
Combined ANOVA with six environments was conducted for PSS; with four environments for Sk, SD, SkNd, NdR, NdNoSS; and with three environments for NdSS Figure 1 . Segregation in spike morphology in a spring wheat recombinant inbred line (RIL) population derived from the cross of an elite line (WCB414) with nonsupernumerary spikelets (non-SS) and an exotic line with SS (WCB617); (A) conventional spike with non-SS, (B) spike with sessile SS, (C) spike with high expression of SS, (D) spike with SS observed on an extended rachilla, (E) two sessile spikelets attached to one node, (F) spike with additional spikelets on extended rachilla (most of the spikelets were removed to get better detail), (G) spike in whose node are observed sessile SS and SS extended on a rachilla, and (H) rachis and extended rachillas of a spike with high number of SS.
( Table 1) . Combined ANOVA analysis showed that all traits had significant genotype × environment interaction. For all traits, the sum of squares calculated from the combined ANOVA showed that genotypes (RIL, parents, and checks) are the main source of variation (data not shown). For all traits, broad sense heritability ranged from 0.93 to 0.97 (Table 1) . With few exceptions, Spearman rank correlation coefficients for each trait in different pair of environments were positive and highly significant (Supplemental Table S2 ).
Comparison of top-ranked genotypes in each environment showed that few lines with SS were consistent in the level of expression of Sk, SD, SkNd, NdSS, and NdR (data not shown). For SK, RIL 1070, 1097, and 1099 were always ranked in the 10 genotypes with highest SK in each of the four environments tested. For SD, RIL 1017, 1053, 1068, 1070, 1097, and 1099 were consistently ranked in the top 10 genotypes in each of the four environments. For SkNd, RIL 1053, 1070, 1099, and 1151 were always ranked among the top 10 genotypes in each environment. For NdSS, RIL 1053, 1070, 1097, and 1134 were consistently ranked in the top 10 genotypes in each of the four environments. Finally, for NdR, RIL 1053, 1070, 1097, 1099, and 1151 were always ranked in the top 10 genotypes in each environment.
Map Construction
Diversity arrays technology analysis resulted in the identification of 1004 markers polymorphic between parental genotypes. A total of 27 highly distorted markers were removed, and the remaining 977 markers were used for the construction of the framework genetic map. At a minimum LOD score of 3, a total 939 markers were assigned to 38 linkage groups (Supplemental Fig. S3 ). Thirty-eight markers could not be assigned to any linkage group. Comparison with a consensus map (Huang et al., 2012) showed that these 38 linkage groups represent 20 chromosomes of wheat. No linkage group was associated with chromosome 4D. Five chromosomes (1B, 3A, 3B, 7A, 7B) had three groups each; eight chromosomes (1A, 2B, 3D, 4B, 5A, 6A, 6B, 7D) showed two groups each, while seven chromosomes (1D, 2A, 2D, 4A , 5B, 5D, 6D) showed a single group. A total of 14 groups were assigned to the A-genome, 16 groups were assigned to the B-genome, while eight groups were assigned to the D-genome.
The 939 markers mapped in the present study represented 671 unique loci; 268 markers co-segregated with other loci. The B-genome had the highest number of mapped loci (354 markers representing 285 loci), followed by the A-genome (292 markers representing 222 loci) and the D-genome (293 markers representing 164 loci). The number of markers on individual linkage groups ranged from three (3A.1, 5A.1, and 5A.2) to 97 (2D), while for individual chromosomes it ranged from four (chromosome 5D) to 97 (chromosome 2D).
The total genetic distance covered by these 939 markers (671 loci) was 3114.2 cM, and the average distance between any two marker loci was 4.6 cM. The B genome chromosomes covered a total length of 1530.9 cM, with an average distance of 5.4 cM between two loci. The A genome had a total map length of 1145.9 cM, with an average distance of 5.2 cM between two loci. The D genome covered a total map length of 437.4 cM, with an average density of 2.7 cM between two loci. Individually, chromosome 5B markers have the maximum coverage (309.1 cM), while chromosome 5D markers had minimum coverage (3.7 cM). Marker order was generally consistent with the DArT consensus map (Huang et al., 2012) with only few exceptions.
QTL Analysis
Composite interval mapping was used to identify QTL associated with SS and related traits. The trait-associated QTL, as well as their flaking markers, CIs, and PV (R 2 ) explained by each QTL, are summarized in Table 2 . A total of seven consistent QTL located on five chromosomes (2D, 5B, 6A, 6B, and 7B) were identified. Chromosomes 2D (QSS.ndsu-2D), 5B (QSS.ndsu-5B), and 6A (QSS.ndsu-6A) had one QTL each, while chromosomes 6B (QSS.ndsu-6B.1 and QSS.ndsu-6B.2) and 7B (QSS.ndsu-7B.1 and QSS.ndsu-7B.2) carried two QTL each (Fig. 2) .
All seven QTL were associated with PSS and NdSS. However, only six QTL were associated with Sk, SD, and SkNd (except QSS.ndsu-6B.1), while five QTL each were associated with NdR (except QSS.ndsu-6B.1 and QSS. ndsu-7B.2) and NdNoSS . The PVE by individual QTL in different environments ranged from 3.3 to 25.3% for PSS, 4.0 to 25.2% for Sk, 4.6 to 14.8% for NdNoSS, 4.4 to 18.6% for NdR, 3.6 to 34.8% for NdSS, 4.8 to 33.5% for SD, and 3.6 to 37.3% for SkNd. The maximum PVE by all the QTL in individual environment was 77.39, 43.27, 37.53, 82.41, have minor effect (PVE < 15%) on phenotypic variation (PV). The QTL on chromosome 2D (QSS.ndsu-2D) was associated with all the traits except NdNoSS in all environments. This QTL explained up to 25.2% of the PV. Another major QTL was identified on chromosome 7B (QSS.ndsu-7B.2) and was associated with five traits (PSS, Sk, SD, SkNd, NdSS). This QTL contributed up to 37.3% of the PV for the associated traits.
Additive effects with a negative symbol indicate that alleles from the parent with SS (WCB617) are responsible for increased trait values, while the additive effects with a positive value indicate that the alleles from WCB414 are contributing towards increased trait values (Table 2 ).
In the present study, both parents contributed alleles for increased trait values ( ndsu-6A and QSS.ndsu-7B.1, and QSS.ndsu-7B.1 and QSS.ndsu-7B.2 for several SS related traits (for details, see Table 3 ). All of the epistatic interactions, except between QSS.ndsu-5B and QSS.ndsu-6B.2, and QSS.ndsu-6A and QSS.ndsu-7B.1, were detected for at least two SS-related multiple traits. These interactions also showed a differential phenotypic response (variation in R 2 ) in different environments (Table 3 ). The maximum value of PV (70.4%) explained by these interactions was observed for interaction between QSS.ndsu-7B.2 and QSS.ndsu-7B.1. However, excluding that particular case, the remaining interaction explained up to 22.4% of the PV for different traits in different environments (Table 3) .
To identify the highly significant marker from each QTL interval, single marker regression analysis was conducted using all the markers present in each ROAT and/ or QTL CI. For QSS.ndsu-2D, the closest linked marker with SS-related traits was wPt-667785, which was present at a distance of about 0.3 cM away from the QTL peak. The closest markers associated with SS related traits for QSS.ndsu-5B, QSS.ndsu-6A, QSS.ndsu-6B.1, QSS.ndsu-6B.2, QSS.ndsu-7B.1, and QSS.ndsu-7B.2 were wPt-3569, wPt-671561, wPt-0406, wPt-3284, wPt-0194, and wPt-4258, respectively. All these markers were present at distances ranging from 0.0 to 5.5 cM away from the respective QTL peaks (Table 2, Fig. 2 ).
Bin Mapping of the Identified QTL
To assign detected QTL to certain chromosomal deletion bins, we compared the map location of DArT markers flanking these QTL with the bin mapped DArT markers (http://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/ Documents/DOC_DArT_index.php, verified 18 Sept. 2014). This analysis showed that the major QTL for SS QSS.ndsu-2D is located in the bin 2DS-5 (fraction length, FL: 0.47-1.00). The QTL identified on 5B (QSS.ndsu-5B) was physically located in the most distal bin 5BL-16 (FL: 0.79-1.00). Similarly, QSS.ndsu-6B.1 was located on short arm of 6B in the deletion bin 6BS-Sat (FL: 1.05), while the minor QTL for SS on 7B (QSS.ndsu-7B.1) was located in most distal bin 7BL-10 (FL: 0.78-1.00). The QTL identified on 6A (QSS.ndsu-6A), 6B (QSS.ndsu.6B2), and the major QTL on 7B (QSS.ndsu-7B.2) could not be placed in deletion bins because of lack of common markers mapped in our genetic map and the deletion bin map. However, comparisons with previous genetic maps (Semagn et al., 2006; Francki et al., 2009; Sorrells et al., 2011) suggest that QSS.ndsu-6A, QSS.ndsu.6B2, and QSS. ndsu-7B.2 are located on 6AS, 6BL, and 7BL, respectively.
Discussion
Previous studies have consistently shown that increased seeds per spike results in increased yield (McNeal, 1960; Hucl and Baker, 1987; Feil, 1992; Calderini et al., 1995; Wang et al., 2002; Green et al., 2012) . Other studies have reported a positive association between seeds per spikelet and yield (McNeal, 1960; Siddique et al., 1989; Feil, 1992) and between kernel weight and yield (McNeal, 1960; McNeal et al., 1978; Hucl and Baker, 1987; Wang et al., 2002) . Based on these studies, branched spikes with SS can affect directly the number of kernels per spike and, therefore, it should be of prime interest for wheat breeders. Additionally, SS can affect the kernel size and shape, which may affect kernel weight, another yield component, and kernel weight volume. Mapping SS and eventually developing markers for these QTL would potentially be of great help to improve kernel yield and quality.
Our study showed that about 29% of RIL expressed SS phenotype in at least one experimental replicate across the environments. The presence of a heterobranching behavior observed in most of the RIL bearing SS is in agreement with previous studies (Percival, 1921; Denčić, 1988; Huang and Yen, 1988; Martinek and Bednár, 1998; Klindworth et al., 1990a) and it is a challenge in the phenotyping of the SS trait. Considering that this phenomenon could be confused with seed admixtures, in the present research, the seeds for each genotype were obtained from individual head-rows, thus avoiding any chances of admixture. The cause of heterobranching is still not fully understood; however, the influence of the environmental conditions has been suggested as a reason for this phenomenon (Denčić, 1988; Huang and Yen, 1988; Klindworth et al., 1990a) . In case of genotypes showing heterobranching behavior, predominant spike types were collected for data recording to avoid misphenotyping. When PSS screening resulted in a score of 2 (ratio 1:1), both types of spikes were collected; but the data on SS-related traits was recorded for the dominant phenotype, determined through the replicates and environments, to control a possible bias produced by the visual screening of PSS.
High values of heritability observed for all SS traits (Table 1) suggest that the PV observed among the RIL was mainly due to genetic factors. Indeed, most of the RIL were stable in the presence or absence of the SS trait. The presence of significant G × E interaction for all traits was most likely caused by differences in magnitude rather than the difference in rank. Indeed, Spearman rank correlations between different pair of environments, with few exceptions, were positive and highly significant (Supplementary Table 2 ). Prosper 2010 was the most conducive environment for Sk (Table S1 ). Interestingly, among the four environments in which this trait was studied, Prosper 2010 had the highest values for air temperature and rainfall (19°C and 80.8 mm, respectively; NDAWN, 2012) . Contrarily, Halloran (1984a, 1984b) suggest that low temperature, strong vernalization response, and short photoperiods are conductive for the expression of SS.
In the past, variable numbers of DArT markers have been mapped in different genetic populations in hexaploid wheat; 339 by Akbari et al. (2006) , 189 by Semagn et al. (2006) , 1348 by Sorrells et al. (2011) , and 246 by Bennett et al. (2012) . Mapping of a large number of DArT markers by Sorrells et al. (2011) compared with other studies was due to the fact that the doubled haploid population used in that study was developed from the divergent cross of Synthetic W7984 (Altar84/Aegilops tauschii [219] CIGM86.940) and Opata M85. Similar to the study of Sorrells et al. (2011) , a much higher number of markers (939 DArT markers) were mapped in the present study relative to previous studies in wheat (Akbari et al., 2006; Semagn et al., 2006; Bennett et al., 2012) . This is likely due to the reason that one of the parental genotype (WCB 617) used in the development of this population was an exotic line. This population, developed from an exotic and an elite wheat genotype, also resulted in a better coverage across the whole genome. This is evident from the fact that a large number of markers (almost similar to that of the A-and B-genomes) were also mapped to the D-genome chromosomes, which generally shows very low level of polymorphism in cultivated germplasm pool. This is because the D-genome is a recent evolutionary addition to the hexaploid wheat genome (>10,000 yr old), and there has been limited gene flow from A. tauschii (Dubcovsky and Dvorak, 2007) , thus decreasing the rate of polymorphism. The only chromosome for which a framework genetic map could not be established due to lack of polymorphic markers was chromosome 4D. Similar to the present study, several studies in the past have also reported a low level of polymorphism for wheat chromosomes 4B, 4D, 5A, and 5D (Akbari et al., 2006; Semagn et al., 2006; Bennett et al., 2012; Kumar et al., 2013) . The length of the framework map (3114.2 cM) developed in the present study is in agreement with the previous studies (Akbari et al., 2006; Semagn et al., 2006; Bennett et al., 2012; Kumar et al., 2013) and also suggests a good representation of the whole wheat genome. The average distance between any two markers was 4.6 cM, which is high enough for any QTL mapping study.
A total of seven consistent QTL were detected for SS related traits. Among them, four QTL (QSS.ndsu-5B, QSS.ndsu-6A, QSS.ndsu-6B.2, and QSS.ndsu-7B.1) were involved in the control of all SS-related traits. Of the other three QTL, QSS.ndsu-2D was associated with all traits except NdNoSS; QSS.ndsu-6B.1 was associated only with PSS, NdNoSS, and NdSS; and QSS.ndsu-7B.2 was associated with all traits except NdR and NdNoSS (Table  2) . These results demonstrated that wheat SS is controlled by several genes, as suggested in earlier studies based on progeny and monosomic analysis (Huang and Yen, 1988; Klindworth et al., 1990a; Peng et al., 1998) . At the same time, these results in terms of inheritance patterns are different from few other studies in hexaploid branched wheat, which suggested that only two genes control the formation of branched spikes, while another gene suppresses the expression of branched spikes (Koric, 1973; Pennell and Halloran, 1983; Denčić, 1988) . The differences in the number of genes for SS phenotype reported in present and previous studies could be the result of the different methodologies used for the genetic analysis (QTL mapping, monosomic analysis, progeny analysis) or even differences among the material used for these studies. Indeed, the different approaches used to classify branched spikes in Triticum (Sharman, 1967; Koric, 1973; Pennell and Halloran, 1983 , 1984a , 1984b Martinek and Bednár, 1998; Aliyeva and Aminov, 2011; Yang et al., 2005) may also lead to different conclusions. However, it is worth mentioning that, in contrast to this study, most of the previous studies did not use the recently developed genomic tools and/or were limited to only few chromosomes of the wheat genome.
The partitioning of the SS-trait into seven components and the use of RIL population contrasts with the methodologies used in previous studies to genetically dissect the SS phenotype in wheat. Earlier studies disregarded the heterobranching behavior and scored the SS trait as present or absent (qualitative evaluation) in individual plants belonging to F 1 , and F 2 generations (Peng et al., 1998; Dobrovolskaya et al., 2009) . In this study too, in addition to QTL analysis of the categorical data for SS, we also attempted to identify the genes using presence and absence data of SS in RIL population. The PSS scores across six environments were used to classify the RIL into two discrete categories, branched (score ³ 0.5) and nonbranched (score < 0.5). Mapping for these binary qualitative data resulted in the identification of only four of the seven QTL detected in this study . Three QTL QSS.ndsu-5B, QSS.ndsu-7B.1, and QSS.ndsu-7B.2 could not be detected in this analysis (data not shown), suggesting that the scale (0-4) used in this study was more informative for QTL detection than a binary scale (present or absent). Therefore, we concluded that it is important to make use of all available variation for any trait and that it is not appropriate to arbitrarily classify quantitatively varying data into discrete categories.
The traits for which all the detected QTL in a particular environment explained higher percentage of PV was NdSS (PVE = 82.41%). While, the traits for which all the detected QTL in a particular environment explained the lower percentage of PV was NdNoSS (PVE = 6.28%) (only one QTL for NdNoSS was detected in Environment I). Considering the high heritability observed for all the traits (Table 1 ), the differences in PVE by same QTL in different environments and for different traits could be due to environmental factors.
The QTL on 2D (QSS.ndsu-2D) was associated with all traits except NdNoSS in all the environments, and explained the major proportion of the PV for these traits. The graphical genotype of the RIL with SS and non-SS phenotype also clearly shows the impact of this major gene in controlling the SS phenotype (Fig. 3) . All the RILs except one with PSS score ³ 1 showed the presence of WCB617 (parental genotype with SS phenotype) allele at QSS.ndsu-2D, while the alleles of WCB414 (parental genotype with non-SS phenotype) were present in RIL showing non-SS phenotype with only very few exceptions which could be the result of double recombination occurring between the gene and the markers and also may be due to experimental errors (Fig. 3) . Previous studies conducted using monosomic analysis also reported the presence of a major gene controlling SS on 2D (Millet 1986 (Millet , 1987 Peng et al., 1998) . Using molecular markers, Dobrovolskaya et al. (2009) also identified a gene, Mrs1, on 2D which was responsible for an SS-like trait (MRS) in hexaploid wheat. However, in contrast to other studies on SS, including the present, it was reported that MRS is controlled by only one recessive gene located on chromosome 2D. Mrs1 co-segregate with the microsatellite locus Xwmc453 and is located in a gene rich region (2S0.8) of the distal half of the short arm of chromosome 2D (Erayman et al., 2004; Dobrovolskaya et al., 2009) . Comparative study shows that Mrs1 was mapped at 73.4 cM (total 2D map length = 119.6 cM), whereas, QSS.ndsu-2D was mapped at 41.5 cM (total 2D map length = 131.6 cM). This suggests that Mrs1 and QSS.ndsu-2D could be different genes involved in spike morphology. Moreover, MRS studied by Dobrovolskaya et al. (2009) and the phenotype evaluated in the present study have been classified into different groups (Martinek and Bednár, 1998) . However, only future studies involving detailed characterization or cloning of these genes will be able to answer the question if Mrs1 and QSS.ndsu-2D represent same gene or not.
In tetraploid wheat, it was reported that branched head is controlled by one major gene (bh) located on 2A and one minor gene located on 2B. However, these genes are inhibited when the chromosome 2D from Chinese Spring (conventional spikes) is incorporated into 2D monosomic additional lines (Klindworth et al., 1990b) . Considering that the D-genome is not shared between hexaploid and tetraploid wheat, it was suggested that bh could be an orthologue to Mrs1 (Dobrovolskaya et al., 2009) . Major role played by homoeologous chromosomes 2A, 2B, and 2D in controlling spike related traits has also been reported in several studies in the past. For common wheat with no-SS, Li et al. (2002) and Kumar et al. (2007) identified major QTL associated with spikelet number in a gene rich region of the short arm of chromosome 2D; while Shitsukawa et al. (2006) reported that the chromosomes 2A, 2B, and 2D of Chinese Spring carry three homoeologous copies of the gene WFL (Wheat FLO-RICULA/LEAFY) involved in the spikelet formation. In addition, chromosome 2DS has been reported to harbor QTL and genes for a number of other traits including yield, threshability-related traits, days to heading (PpD-1), growth related traits (Sourdille et al., 2000 (Sourdille et al., , 2003 Börner et al., 2002; Groos et al., 2003; Jantasuriyarat et al., 2004; Hanocq et al., 2004; Kumar et al., 2007) . It would be interesting to know if this region on 2DS represents a cluster of genes controlling different genes for different traits or a single gene having pleiotropic effect on several traits.
In addition to the major QTL on chromosome 2D, a QTL on chromosome 7B (QSS.ndsu-7B.2) also explained a high percentage of the PV for some of the traits (Table  2) . However, the detection of QSS.ndsu-7B.2 in only some environments suggests that its expression is influenced by environmental conditions. A gene on chromosome 7B controlling SS in hexaploid wheat has not been reported previously, suggesting that this novel QTL could be related to the specific material used in the present study. But several studies in the past have mapped genes for heading or ear emergence date and earliness per se on chromosome 7B of wheat Maccaferri et al., 2008; Griffiths et al., 2009; Bennett et al., 2012) and 7H in barley (Laurie et al., 1995) . However, all these studies mapped genes and QTL on the short arm of the chromosome 7B or 7H, while the two QTL detected in the present study were located on long arm of 7B chromosome, suggesting that QSS.ndsu-7B.1 and QSS.ndsu-7B.2 are most likely different than the already reported QTL and genes for heading date and earliness per se on 7B.
The remaining five QTL (QSS.ndsu-5B, QSS.ndsu-6A, QSS.ndsu-6B.1, QSS.ndsu-6B.2, and QSS.ndsu-7B.1) explained minor portions of PV for SS-related traits (Table 2) , which suggests that chromosomes 5B, 6A, 6B, and 7B possess minor genes for the SS phenotype. The location of these minor QTL differs with the findings of Peng et al. (1998) , which suggested the presence of minor genes associated with branched spikes on chromosomes 4A, 4B, and 5A through monosomic analysis. The identification of different minor genes in both studies could be attributed to the differences in germplasm as well as methodologies (monosomic analysis vs. genetic mapping) used in each investigation. Another reason for different results could be differences in genetic polymorphism in the parental genotypes of the populations.
The five minor QTL (QSS.ndsu-5B, QSS.ndsu-6A, QSS.ndsu-6B.1, QSS.ndsu-6B.2, and QSS.ndsu-7B.1) were also associated with NdNoSS; while the two major QTL QSS.ndsu-2D and QSS.ndsu-7B.2 were not associated to this trait. These results suggest that these minor genes could be related to the formation of the non-SS spikelets. Although, for the SS phenotype, these five minor QTL are being reported for the first time; QTL for several other related traits have been reported in these regions in the past studies. For example, on 6AS where QSS.ndsu-6A was identified, several studies have reported QTL for spikelets per spike, spike compactness, grains per spike, and days to heading (Kumar et al., 2007 , Jantasuriyarat et al., 2004 Huang et al., 2003 Huang et al., , 2004 . Similarly, on chromosome 6B where QSS.ndsu-6B.1 and QSS.ndsu-6B.2 were detected, QTL have been reported for grains per spike and spike fertility (Li et al., 2007) .
The QTL QSS.ndsu-5B was mapped in the telomeric region of long arm of chromosome 5B (Fig. 2) . The long arm of 5BL also harbors vernalization gene Vrn-B1, which controls the flowering time in wheat. This gene has been physically mapped in the bin 5BL18-0.66-0.79 (Timonova et al., 2013) . However, comparison of the maps shows that marker wPt1348, which is associated with QSS.ndsu-5B and is located proximal to the QTL, is present in the 5BL18-0.79-1.00 deletion bin (Francki et al., 2009) , suggesting that this QTL is present in the telomeric bin of 5BL.This also means that QSS.ndsu-5B is most likely a different gene other than Vrn-B1.
The additive effects observed for QSS.ndsu-6B.2 and QSS.ndsu-7B.1 indicate that non-branched parent contributed the alleles that modify the phenotypic values of SS-related traits. The presence of an SS-related gene in commercial varieties was previously observed by Pennell and Halloran (1983) . According to this study, a recessive inheritance pattern for SS was observed in the F 1 of crosses between the commercial cultivar Phoenix (non-SS) and the branched line AUS15910. However, a progeny with SS phenotype was observed in the first backcross using Phoenix as recurrent parent. Pennell and Halloran (1983) suggested the presence of a suppressor in Phoenix which inhibits the production of SS, but no further experiments were conducted to characterize the gene action. Therefore, the contribution of positive alleles at QSS.ndsu-6B.2 and QSS.ndsu-7B.1 by the nonbranched parent constitute new evidence in this direction. Considering that these QTL also were associated with NdNonSS, it is possible that they have a positive effect on spikelet production in varieties with non-SS. Therefore, they could be useful to breeding programs for increasing grain yield. Further genetic and molecular experiments will be necessary to characterize these QTL in hexaploid wheat.
Previous studies have suggested a role of epistatic interaction in the expression of the SS trait (Koric, 1973; Klindworth et al., 1990a; Denčić, 1988) . In view of this, all the seven main effect QTL were tested for digenic epistatic interactions (Table 3) , using MIM. The results reported in the present study are the first evidence at molecular level to demonstrate the role of epistatic interactions in the expression of SS phenotype. The previous studies using progeny analyses have suggested that a complementary action of two dominant genes control SS phenotype in wheat line 51885 (Sun et al., 2009) . Other studies also suggested complementary action of the factors Rm-ramifera and Ts-tetrastichon in absence of an inhibitor gene called Nr (Koric, 1973 , Denčić, 1988 . The inhibitor was later located on chromosome 2D (Klindworth et al., 1990a) . In the present study, the major and consistent QTL QSS. ndsu-2D had additive epistatic interaction with all the other QTL, which explain up to 22.4% of the PV (Table  3 ). The identified interaction involve both parental twolocus combinations (interactions with positive additive effect) as well as recombinant two-locus combinations (interactions with positive additive effect), suggesting that specific allele combinations among QSS.ndsu-2D and the other loci can increase or decrease the expression of the SS trait in a particular genotype. Indeed, a few RIL had the QSS.ndsu-2D allele derived from the branched parent but never expressed the branched phenotype (data not shown). Nevertheless, epistatic interactions were not limited to locus QSS.ndsu-2D. All other identified QTL were also involved in epistatic interactions (Table 3) , including the interaction between QSS.ndsu-7B2 and QSS.ndsu-7B1, which explained up to 70.4% of PV.
It may also be noted that most of the identified QTL for SS were involved in two or more digenic interactions (Table 3) , suggesting a network which may represent higher-order interactions. It has been suggested that the metabolic pathways that presumably underlie quantitative traits involve multiple interacting gene products and regulatory loci that could generate higher-order epistatic interactions (McMullen et al., 1998) . However, most of the software dealing with epistasis includes only twolocus interaction. This is partly because including higherorder interactions requires too many parameters in the genetic model, which would be difficult to estimate properly except in extremely large populations. For example, a three-locus model may need a population size of >1000 lines to enable reasonably reliable estimations for all parameters. As a result, it would be very difficult to work with an epistatic model involving more than three loci (Jannink and Jansen, 2001; Xu and Crouch, 2008) . However, as this is the first study which used an RIL population to uncover the genetic basis of SS phenotype, future studies using larger populations, and suitable statistical methods may be able to identify the role of higher-order interactions in the genetic control of SS.
Unlike wheat, in other grass species the molecular basis behind branched phenotype is better understood (for a review, see Sreenivasulu and Schnurbusch, 2012) . In maize (Zea mays L.), it is known that mutations in the genes RAMOSA1 (RM1), RM2, RM3, and RAMOSA1 ENHANCER produces branched phenotypes in the tassel and the ear (Vollbrecht et al., 2005; Bortiri et al., 2006; Satoh-Nagasawa et al., 2006; Gavalloti et al., 2010) . These genes encode transcription factors (EAR [ethyleneresponsive element binding factor-associated amphiphilic repression]-containing zinc-finger transcription factor and the REL2 transcriptional corepressor) which work as repressors of the indeterminate fate of spikelet-pair meristem (Gavalloti et al., 2010) . Although ramose genes are mainly observed in the tribe Andropogoneae which includes maize, sugarcane (Saccharum officinarum L.) and sorghum [Sorghum bicolor (L.) Moench; Kellogg, 2007] , similar genes playing an important role in inflorescence development have also been identified in other grasses. For instance, a sister gene of RA3 called SISTER OF RAMOSA (SRA) was found in rice (Oryza sativa L.; Satoh-Nagasawa et al., 2006) ; while a gene called sixrowed spike4 (Vrs4), an ortholog of RAMOSA2 of maize, was recently isolated in barley (Hordeum vulgare L.; Koppolu et al., 2013) . It would be interesting to find out if genes controlling SS phenotype in wheat also belong to the same gene families as reported in maize, rice, and barley. An initial step in this direction would be to design markers from the available wheat sequences orthologous to the above mentioned genes in maize, rice, and barley and to map them in wheat. The new information reported in this paper provides an excellent basis for future studies directed at gaining additional functional and evolutionary knowledge about this important phenotype.
Conclusions
In this study, a whole-genome genetic map of an RIL population derived from a cross between a branched spike genotype and conventional spike genotype in hexaploid wheat was reported and used for identification of QTL associated with branched spike phenotype. Whole-genome QTL analysis for branched spikes and related traits suggested a polygenic inheritance with an epistatic gene network for this trait. Identification of seven consistent or stable QTL located on five different chromosomes (2D, 5B, 6A, 6B, and 7B) suggested that minor stable genes also play a role in the genetic control of this trait. Consistent to the previous finding, a major QTL for branched spike phenotype was identified on chromosome 2D (QSS.ndsu-2D). However, another major QTL on 7B (QSS.ndsu-7B.2), several other novel minor QTL, and epistatic interactions involved in the genetic control of branched spike phenotype were also identified in the present study. These major QTL could be the initial targets for future studies aimed at fine mapping and ultimately cloning the underlying genes. Finally, as spikerelated traits are the major components of final yield of wheat crop, the identified gene network for SS phenotype can play an important role in increasing wheat yield since it allows the formation of more spikelets in the spike.
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